Mixed higher-order flow harmonics and nonlinear response coefficients in PbPb collisions at 2. 76 and 5.02 TeV with CMS
Introduction
Anisotropic flow plays a major role in probing the properties of the produced medium at the Relativistic Heavy Ion Collider (RHIC) at BNL and Large Hadron Collider (LHC) at CERN. The measurements of higher-order flow harmonics [1, 2] and flow fluctuations [3, 4] have led to a broader and deeper understanding of the initial conditions and the properties of the produced hot and dense matter. The significant correlations [5] between the event plane angles of different order indicate that higher harmonics can be measured with respect to the direction of multiple lower-order harmonics. Indeed, hydrodynamic calculations have predicted the seventh flow harmonic with respect to the second and third order angles [6] .
The azimuthal anisotropy of particle production in an event can be characterized by a Fourier expansion of the azimuthal angle φ distribution P(φ) [6] ,
where V n = v n exp(inΨ n ) is the nth complex anisotropic flow coefficient. Both the magnitude, v n , and phase, Ψ n (also known as the event plane angle), of V n fluctuate event to event [7] . In hydrodynamics, anisotropic flow results from the evolution of the medium in the presence of anisotropy in the initial density profile. The second and third harmonic coefficients, v 2 and v 3 , are to a good approximation linearly proportional to the initial state anisotropies, 2 and 3 [1, 8] . In contrast, V 4 and higher harmonics can arise from initial state anisotropies in the same order harmonic (linear response) or can be induced by lower-order harmonics (nonlinear response) [6, 9, 10] . The nonlinear contribution to these higher-order harmonics can be written in terms of lower-order anisotropic flow coefficients [6, 9] ,
where V nL denotes the part of V n due to linear response or the "leading" term [9] , and the χ are the nonlinear response coefficients. Recent hydrodynamic studies show that the nonlinear response coefficients probe the properties of the system at freeze-out and are weekly sensitive to the initial density fluctuations [6, 9] . This analysis is performed using about 100 million PbPb minimum-bias events at √ s NN = 5. 
and θ is the polar angle relative to the counterclockwise beam direction. More details about the CMS detector and this analysis can be found in [11, 12] .
Results for mixed harmonics
The mixed harmonics, 
Results for nonlinear response coefficients
The nonlinear response coefficients, χ 422 , χ 523 , χ 6222 , χ 633 and χ 7223 are presented in Figs. 3 and 4 as a function of centrality with |η| < 2.4 in the 0.3 < p T < 3.0 GeV/c range. In Fig. 3 , the results are compared with predictions from AMPT and hydrodynamics with a deformed symmetric Gaussian density profile as the initial condition using η/s = 0.08 in Ref. [6] , and from iEBE-VISHNU hydrodynamics with Glauber and KLN initial conditions using the same η/s [9] . Predictions from AMPT are favored by the measurement. In Fig. 4 , the same results are compared with predictions from AMPT in Ref. [6] and from iEBE-VISHNU hydrodynamics with KLN initial condition using η/s = 0, 0.08 and 0.2 [9] . The large difference between hydrodynamic predictions with different viscosities indicates that our results can provide constraints on the value of viscosity at freeze-out [6, 9] . However, based only on these comparisons, it is not unambiguously clear which viscosity and initial conditions are the best choices. The results are compared with predictions from AMPT and hydrodynamics with a deformed symmetric Gaussian density profile as the initial condition using η/s = 0.08 in Ref. [6] , and from iEBE-VISHNU hydrodynamics with Glauber and KLN initial conditions using the same η/s [9] . The figure is from [12] . The results are compared with predictions from AMPT in Ref. [6] and from iEBE-VISHNU hydrodynamics with KLN initial condition using η/s = 0, 0.08 and 0.2 [9] . The figure is from [12] .
Summary
The mixed higher-order flow harmonics and nonlinear response coefficients of charged particles have been studied in PbPb collisions at √ s NN = 2.76 TeV and 5.02 TeV using the CMS detector. The measurements are done with the scalar product method, covering a p T range from 0.3 GeV/c to 8.0 GeV/c, |η| < 2.4 and centrality range of 0-60%. Additionally, as a comparison, v n harmonics (n = 4, ..., 7) are measured with the two-particle correlation method over 0.3 < p T < 8.0 GeV/c and |η| <2.4 and within the same centrality range. The shape of the mixed higher-order flow harmonics, v 4 {Ψ 22 }, v 5 {Ψ 23 }, v 6 {Ψ 222 }, v 6 {Ψ 33 } and v 7 {Ψ 223 }, and nonlinear response coefficients, χ 422 , χ 523 , χ 6222 , χ 633 and χ 7223 as a function p T are similar, first increases at low p T , reaching maximum at about 3-4 GeV/c, and then decreases at higher p T . The contribution of nonlinear part for v 5 and v 7 is larger than that of other harmonics in the centrality range 20-60%. It is clearly observed that the nonlinear response coefficients of the odd harmonics, χ 523 and χ 7223 , are larger than the even harmonics. The data are compared with AMPT and hydrodynamic predictions with different shear viscosity to entropy density ratios and initial condition models. The predictions from AMPT are favored by the measurement. These results will provide constraints on the theoretical description of the medium close to the freeze-out temperature, which is not well understood so far.
